Autophagy is the major cellular pathway for bulk degradation of cytosolic material and is required to maintain viability under starvation conditions. To determine the contribution of autophagy to starvation stress responses in the filamentous fungus Aspergillus fumigatus, we disrupted the A. fumigatus atg1 gene, encoding a serine/threonine kinase required for autophagy. The ⌬Afatg1 mutant showed abnormal conidiophore development and reduced conidiation, but the defect could be bypassed by increasing the nitrogen content of the medium. When transferred to starvation medium, wild-type hyphae were able to undergo a limited amount of growth, resulting in radial expansion of the colony. In contrast, the ⌬Afatg1 mutant was unable to grow under these conditions. However, supplementation of the medium with metal ions rescued the ability of the ⌬Afatg1 mutant to grow in the absence of a carbon or nitrogen source. Depleting the medium of cations by using EDTA was sufficient to induce autophagy in wild-type A. fumigatus, even in the presence of abundant carbon and nitrogen, and the ⌬Afatg1 mutant was severely growth impaired under these conditions. These findings establish a role for autophagy in the recycling of internal nitrogen sources to support conidiophore development and suggest that autophagy also contributes to the recycling of essential metal ions to sustain hyphal growth when exogenous nutrients are scarce.
Nutrient limitation is one of the most significant stresses encountered by microorganisms in nature. Autophagy is a catabolic membrane trafficking system that counters such nutrient stress by initiating a process of limited intracellular digestion to support the organism during periods of reduced nutrient availability (26, 32, 37, 60) . The process begins with the formation of isolation membranes within the cytoplasm, whose origin is not entirely clear. These membranes progressively expand, nonselectively encapsulating cytosolic material into a doublemembrane vesicle called the autophagosome. The autophagosome fuses its outer membrane with a vacuole, releasing the autophagic body and its contents into the vacuolar lumen for degradation by resident hydrolases. Autophagy is upregulated in response to starvation stress, resulting in the generation of a pool of recycled molecules that provide the building blocks for continued synthesis of essential components until nutrient conditions improve (26, 37, 39, 60) . However, some autophagy remains constitutively active at low levels, even under nutrientreplete conditions, where it serves as a mechanism to remove old or damaged proteins and organelles (17, 25, 28, 46, 54) . This provides an important form of quality control that combats the toxic accumulation of abnormal cytoplasmic components.
The degradative functions of autophagy contribute to several important aspects of cell physiology, including autophagydependent programmed cell death (2, 14) , cellular remodeling during development and differentiation (21, 36, 40, 49, 57) , maintenance of endoplasmic reticulum homeostasis (4, 30, 61) , removal of damaged or excess mitochondria (25, 46, 54) , and defense against invading bacteria (8, 9, 16, 24) . These functions are essential to maintain cell and tissue homeostasis, and defects in autophagy function have been implicated in human disease (50) . In addition to its prominent role in degradation, the autophagy machinery is also involved in a yeast biosynthetic process that targets at least two resident vacuolar hydrolases, aminopeptidase I and ␣-mannosidase, to the vacuole (18, 38) . This cytoplasm-to-vacuole (Cvt) targeting pathway uses much of the same molecular machinery as autophagy but differs from starvation-induced autophagy in that it operates constitutively, is highly selective for its cargo, and involves Cvt vesicles that are typically smaller than autophagosomes (18, 38) .
Although model systems for studying autophagy have been well established for Saccharomyces cerevisiae and higher eukaryotes, little is known about the contribution of autophagy to the biology of filamentous fungi. The mycelium of a filamentous fungus is comprised of a network of interconnected hyphae that forms a colony with a circular margin. At the periphery of the colony, the hyphae are at a low density and exhibit negative autotropism, an avoidance mechanism that promotes the foraging of individual hyphae into uncolonized areas (47) . In contrast, hyphae in the central region are nutrient deprived, stop growing, and branch towards each other, forming numerous hyphal fusions (anastomoses). The interconnected hyphae are divided by perforated septa into multinucleated compartments that permit bulk flow of cytoplasm and organelles throughout the mycelium. These interconnections are thought to allow the organism to survive periods of nutrient deprivation by sharing resources throughout the mycelium (13, 47) . Unlike colonies of yeast, which stop growing when nutrients are exhausted, nutrient-deprived hyphae are able to grow beyond an area of nutrient depletion by concentrating resources at the hyphal tips (47) . This foraginglike response is fundamental to the filamentous lifestyle, but the cellular and molecular mechanisms involved are largely unknown.
In this study, we examined the contribution of autophagy to starvation responses in the filamentous fungus Aspergillus fumigatus, focusing on sporulation and the radial growth of hyphal tips. An autophagy-deficient strain of A. fumigatus was constructed by disrupting the Afatg1 gene, encoding the A. fumigatus homolog of the Atg1 serine/threonine kinase required for autophagy in other species (22, 35, 44, 49, 56) . The ⌬Afatg1 mutant failed to conidiate normally unless the nitrogen content of the medium was increased, suggesting that starvation-associated conidiation relies upon autophagy to provide sufficient nitrogen to support conidiophore development. Unlike wild-type (wt) A. fumigatus, the ⌬Afatg1 mutant was unable to grow radially under starvation conditions, indicating that starvation foraging of hyphal tips is autophagy dependent. Surprisingly, growth under starvation conditions could be rescued by incorporating certain metal ions into the medium. Depleting rich medium of divalent cations by treatment with EDTA was sufficient to induce autophagy in wt A. fumigatus, and the ⌬Afatg1 mutant was severely growth impaired under these conditions. These data establish a role for autophagy in starvation-associated foraging and provide an unanticipated link between autophagy and metal ion homeostasis.
MATERIALS AND METHODS
Aspergillus fumigatus strains, media, and culture conditions. The strains used in this study are listed in Table 1 . All strains were maintained and harvested from inhibitory mold agar plates because this medium supports conidiation of the ⌬Afatg1 mutant. For analysis of conidiophore development, conidia were inoculated around a plug of potato dextrose agar (PDA; 1% glucose, 2% potato flakes) and a coverslip was placed on top. Conidiophores were examined after 2 to 3 days of incubation at 37°C and photographed using differential interference contrast (DIC) microscopy. The number of conidia produced by each colony was estimated by flooding the plate with 10 ml of sterile water and scraping off the conidia. This was performed four times for each plate to maximize conidial recovery. The average number of conidia obtained from triplicate plates was then determined with a hemacytometer.
For analysis of the starvation-induced foraging response, 100 conidia were spread for isolation onto the surface of a YG plate (2% glucose, 0.5% yeast extract) and incubated for 24 h at 37°C. Hyphal plugs from individual overnight colonies were then obtained using the narrow end of a 5 3/4-inch Pasteur pipette and transferred to the center of a water-agarose (WA) plate either containing no additional nutrients (1% agarose in Milli-Q water) or supplemented with the indicated concentrations of ZnSO 4 , CuSO 4 , MnSO 4 , MgSO 4 , or FeSO 4 (Sigma). The plates were incubated at 37°C, and colony diameters were measured daily.
Sensitivity to the chelating agent EDTA was determined by inoculating 2 ϫ 10 5 conidia into liquid cultures of YG containing 0.5 mM EDTA and incubating them at 37°C for 3 to 6 days. To quantitate EDTA sensitivity, 1 ϫ 10 6 conidia/ml of the wt, ⌬Afatg1 mutant, and reconstituted strains were incubated at 37°C for 3 to 6 days in YG medium in the presence or absence of 0.75 mM EDTA. The percent germination was then calculated for 100 conidia analyzed microscopically. A conidium was scored as germinated if it had extended a germ tube with a length that was equal to or greater than the length of the conidium.
Disruption and reconstitution of the A. fumigatus Afatg1 gene. Oligonucleotides used in this study are shown in Table 2 . The A. fumigatus Afatg1 gene (GenBank accession no. Q4WPF2) was disrupted using the split-marker strategy (7) . The left arm of Afatg1 was PCR amplified from genomic DNA by using Pfu Turbo polymerase (Stratagene) with primers 481 and 482, creating PCR product 1. The first two-thirds of the hygromycin resistance cassette was amplified from plasmid pAN7-1 by using primers 395 and 398, making PCR product 3. PCR products 1 and 3 were then combined in an overlap PCR with primers 395 and 481 to create PCR product 5. PCR product 5 was then cloned into pCR-Blunt II-TOPO (Invitrogen) to create p513.
The right arm of the ⌬Afatg1 gene was PCR amplified from genomic DNA by using primers 483 and 484 to generate PCR product 2. The second two-thirds of the hygromycin resistance cassette was amplified from pAN7-1 with primers 396 and 399 to make PCR product 4, and PCR products 2 and 4 were combined in an overlap PCR with primers 396 and 484 to create PCR product 6. PCR product 6 was then cloned into pCR-Blunt II-TOPO to create p514. The inserts from p513 and p514 were gel purified following digestion with KpnI, XbaI, and SacI, 2438 RICHIE ET AL. EUKARYOT. CELL and 5 g of each was used to transform wt protoplasts as previously described (6) . Hygromycin-resistant colonies were screened by PCR, and confirmation of disruption was performed on monoconidial isolates by genomic Southern blot analysis as described in Results. Complementation of the ⌬Afatg1 mutant was accomplished by introducing the Afatg1 gene into the ⌬Afatg1 mutant as an ectopic transgene. The Afatg1 gene, containing 1,046 bp upstream of the predicted translation start site, was PCR amplified from genomic DNA by using primers 536 and 540 and cloned into pCR-Blunt II-TOPO to create p531. A phleomycin resistance cassette containing the ble gene flanked by the Aspergillus nidulans gpdA promoter and the yeast CYC1 terminator was then excised from p402, using XbaI and SpeI, and inserted into the XbaI site of plasmid p531 to create the complementation plasmid p532. Ten micrograms of p532 was linearized with XbaI and introduced into ⌬Afatg1 mutant protoplasts as previously described (6) . Phleomycin-resistant transformants were screened by PCR and Southern blot analysis to confirm the presence of Afatg1 (data not shown).
Analysis of autophagy.
For microscopic analysis of autophagosome accumulation in vacuoles, overnight cultures were washed in sterile distilled water, and the medium was replaced either with sterile distilled water containing 2 mM phenylmethylsulfonyl fluoride (PMSF) or with YG containing 2 mM PMSF and 0.5 mM EDTA. After 4 h of incubation at 37°C, the presence of autophagic bodies within vacuoles was visualized by DIC microscopy.
To construct a green fluorescent protein (GFP)-tagged Atg8 protein, soluble GFP was first PCR amplified from pMCB32 (12), using a 5Ј primer containing an NcoI cloning site together with a 3Ј primer that replaced the stop codon with a six-His linker and an NdeI cloning site. The PCR product was then cloned into pCR-TOPO2.1 (Invitrogen) to make psGFP. The A. nidulans gpdA promoter was then excised from pAN7-1 as a BamHI-NcoI fragment and inserted into the corresponding sites of psGFP to create plasmid pPgpdA-GFP6His. Next, a phleomycin resistance cassette containing the A. nidulans gpdA promoter, the Streptoalloteichus hindustanus ble gene encoding phleomycin resistance, and the S. cerevisiae CYC1 terminator was excised from pBCphleo as a 3-kb SalI-HindIII fragment and inserted into the XhoI-HindIII sites of the cloning vector pSL1180 to make pSL1180-phleo. A 0.8-kb segment of the A. nidulans trpC terminator was then PCR amplified from pAN7-1 and cloned upstream of the phleomycin resistance cassette in pSL1180-phleo to make pSL1180-TtrpC-phleo. The PgpdAGFP6His gene was then excised from pPgpdA-GFP6His as a BamHI-NotI fragment and cloned into the BglII-NotI sites of pSL1180-TtrpC-phleo to create p331. This plasmid allows a gene to be cloned as an N-terminal fusion to GFP, using the available NdeI and NotI cloning sites located between GFP and the trpC terminator.
To construct a GFP-AfAtg8 fusion protein, the A. fumigatus Afatg8 gene (GenBank accession no. Q4WJ27) was PCR amplified from genomic DNA by using primers 570 and 571, incorporating an NdeI site in the 5Ј primer and a NotI site in the 3Ј primer. The PCR product was then cloned into the corresponding sites of p331 to make pGFP-Afatg8. Ten micrograms of the pGFP-atg8 expression construct was linearized with HindIII and introduced into the wt and ⌬Afatg1 strains by protoplast transformation as previously described (6) . The intracellular localization of the expressed fusion protein was visualized by livecell imaging with a 100ϫ oil objective on a Leica TCS SP2 laser scanning confocal microscope set for GFP detection.
Mouse model of invasive aspergillosis. C57BL/6 mice were rendered neutropenic with a single dose of the monoclonal antibody RB6-8C5 (25 g injected intraperitoneally on day Ϫ1) and with cyclophosphamide (150 mg/kg of body weight injected intraperitoneally on day Ϫ1 and readministered on day ϩ3) (52). Mice were inoculated intratracheally on day 0 with 5 ϫ 10 5 conidia from the wt, ⌬Afatg1 mutant, or complemented strain (n ϭ 11, 11, and 13 mice per group, respectively), and mortality was monitored for 14 days. For the sham control, six immunosuppressed mice were inoculated intratracheally with phosphate-buffered saline containing 0.05% Tween 20.
RESULTS
Construction of an autophagy-deficient mutant of A. fumigatus. To determine the contribution of autophagy to the biology of A. fumigatus, we disrupted the A. fumigatus Afatg1 gene, encoding the predicted ortholog of S. cerevisiae Atg1p, a serine/threonine kinase that is essential for autophagy in S. cerevisiae, Podospora anserina, and Dictyostelium discoideum (22, 35, 44, 49, 56) . Disruption of Afatg1 was accomplished by gene replacement with a hygromycin resistance cassette, and confirmation of homologous insertion was obtained by genomic Southern blot analysis of SacII-digested genomic DNA, using the two probes shown in Fig. 1 .
Disruption of Afatg1 inhibits autophagy in A. fumigatus. To determine if autophagy was disrupted in the ⌬Afatg1 mutant, overnight cultures of the wt and the ⌬Afatg1 mutant were washed and placed under starvation conditions in the presence of the vacuolar protease inhibitor PMSF. These conditions prevent the degradation of autophagic bodies within vacuoles, and their accumulation can be used as a marker of active autophagy (35, 45, 53) . In this assay, the wt, ⌬Afatg1 mutant, and complemented strains all demonstrated extensive vacuolization, but only the wt and complemented strains accumulated autophagic bodies within their vacuoles ( Fig. 2A) . To confirm that the observed vacuolar structures were autophagic bodies, a second assay was employed to monitor the fluorescence of a GFP-tagged Atg8 protein. Atg8 is conjugated to the autophagosome during autophagy, where it remains associated until it is finally degraded in the vacuole (27) . Thus, vacuolar accumulation of fluorescent GFP-Atg8 can be used as a marker of active autophagy. The A. fumigatus homolog of Atg8 was tagged at the N terminus with GFP, as described in Materials and Methods, and then expressed in the wt and ⌬Afatg1 strains. As expected, the GFP-AfAtg8 protein was predominantly cytoplasmic under nutrient-rich conditions, with some localization to punctate perivacuolar structures in both the wt and ⌬Afatg1 strains ( Fig. 2B ; see the supplemental material). Similar findings have been described for Atg8 localization in Podospora anserina and Aspergillus oryzae (23, 44) . Under starvation conditions, fluorescently labeled Atg8 accumulated within the vacuoles of wt A. fumigatus ( Fig. 2B ; see the supplemental material). In contrast, fluorescently labeled Atg8 failed to accumulate in the vacuoles of the ⌬Afatg1 mutant under starvation conditions ( Fig. 2B ; see the supplemental material). Taken together, these observations confirm that autophagy is defective in the ⌬Afatg1 mutant.
A. fumigatus Atg1 facilitates conidiophore development and conidiation. The ⌬Afatg1 mutant generated white colonies on PDA medium because of reduced conidiation, a phenotype that was corrected by complementing the ⌬Afatg1 mutation (Fig. 3A) . Microscopic examination revealed that the reduced conidiation was due to abnormal conidiophore development: the wt strain produced numerous conidiophores and conidia on PDA medium, but the ⌬Afatg1 mutant produced only attenuated conidiophores with abnormal phialides under the same conditions (Fig.  3A) . Surprisingly, the white appearance of ⌬Afatg1 colonies could be rescued by supplementing the medium with additional nitrogen (Fig. 3B) , and the number of conidia produced was restored to normal levels (Fig. 3C) . Supplementation of PDA medium with 40 mM ammonium tartrate, ammonium chloride, ammonium sulfate, or sodium nitrate was equally effective at restoring conidiation to wt levels (data not shown), suggesting that conidiophore development requires an abundant source of nitrogen and that autophagy provides this nitrogen by recycling internal proteins when external supplies are low. The ⌬Afatg1 mutant also showed a conidiation defect on Aspergillus minimal FIG. 2. ⌬Afatg1 mutant is defective in autophagy. (A) Conidia from the wt, ⌬Afatg1 mutant, and complemented (CЈ) strains were incubated in YG for 16 h at 37°C. The hyphae were washed, the medium was replaced with sterile distilled water containing 2 mM PMSF, and the hyphae were incubated at 37°C for 4 h. Bar, 10 m. (B) Conidia from wt and ⌬Afatg1 strains expressing GFP-AfAtg8 were incubated in Aspergillus minimal medium for 16 h at 37°C. The hyphae were washed, the medium was replaced with sterile distilled water containing 2 mM PMSF, and the hyphae were incubated at 37°C for 4 h. The strains were examined by laser scanning confocal microscopy, and images shown are single optical sections through the hyphae. A series of optical sections were taken throughout the hyphae and compiled into a movie (see the supplemental material).
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on November 2, 2017 by guest http://ec.asm.org/ medium that could be reversed by supplementation with the same nitrogen sources listed above (data not shown). Afatg1 is required for starvation-induced foraging of hyphal tips. The ability to direct growth to the hyphal tips when exogenous nutrients are exhausted is an important aspect of filamentous growth that allows the mycelium to expand into areas of unexplored substrate (47) . To test the hypothesis that autophagy is involved in this process, the ⌬Afatg1 mutant was compared with the wt for the ability to grow radially on starvation medium. Hyphal plugs were transferred from rich medium (YG) to WA starvation plates, and colony diameters were measured daily for 6 days at 37°C. Unlike growth on a plate of nutrient-rich medium, where the hyphal tips are able to acquire nutrients from both endogenous and exogenous sources, this assay forces the hyphal tips to rely on nutrients from subapical hyphae to support radial outgrowth. In contrast to the wt and complemented strains, which were able to expand radially from the initial hyphal plug for 6 days, the ⌬Afatg1 mutant stopped growing after 1 day (Fig. 4) . The limited amount of growth observed for the ⌬Afatg1 mutant under (35, 57) , raising the possibility that the inability of the ⌬Afatg1 mutant to grow on starvation medium was due to death of the colony. However, the ⌬Afatg1 mutant retained the ability to grow normally on rich medium after 2 weeks of incubation on WA starvation plates at 37°C (data not shown), indicating that the failure of the ⌬Afatg1 mutant to undergo starvation-associated growth was not related to complete death of the colony.
Metal ions restore the ability of the ⌬Afatg1 mutant to grow under starvation conditions. Since the growth rate of the ⌬Afatg1 mutant was indistinguishable from that of the wt on defined Aspergillus minimal medium, the components of this medium were tested individually for the ability to restore growth to the ⌬Afatg1 mutant on WA starvation plates. Metal ions increased the ability of wt A. fumigatus to expand radially on WA plates (Fig. 5) , suggesting that metal ions are limiting for growth in this assay. Surprisingly, the same metal ions were able to restore growth to the ⌬Afatg1 mutant, even in the absence of a carbon or nitrogen source (Fig. 5) . Zinc was the most effective of the metals tested, followed by manganese and iron. The effects of zinc, man- ganese, and iron were dose dependent for both the wt and the ⌬Afatg1 mutant, and the growth of the two strains became indistinguishable at the higher concentrations of these metals (Fig. 5) . In contrast, the same concentrations of copper and magnesium were less effective at rescuing growth. These results suggest that some metal ions are limiting for hyphal extension under starvation conditions and that autophagy contributes to metal ion homeostasis, possibly by recycling intracellular sources. Cation depletion of rich medium is sufficient to induce autophagy in A. fumigatus. The ability of metal ions to restore normal growth to the ⌬Afatg1 mutant under starvation conditions suggested that autophagy is a response to metal ion deficiency. To determine whether metal ion depletion would be sufficient to induce autophagy, the accumulation of autophagic bodies within vacuoles was examined in rich medium supplemented with the chelating agent EDTA. Overnight cultures of wt A. fumigatus were washed and incubated in fresh YG medium containing EDTA and/or PMSF for 4 h at 37°C. As shown in Fig. 6 , EDTA induced extensive vacuolization of the hyphae, and the presence of PMSF allowed autophagic bodies to accumulate within the vacuoles, indicating that cation depletion by EDTA is sufficient to induce autophagy. As expected, these autophagic bodies were fluorescent in the wt strain expressing the GFP-Atg8 fusion protein (data not shown). FIG. 6 . EDTA induces autophagy in wt A. fumigatus. Overnight cultures in YG were washed, and the medium was replaced with fresh YG, YG plus 2 mM PMSF, YG plus 0.5 mM EDTA, or YG plus 2 mM PMSF plus 0.5 mM EDTA and incubated at 37°C for 4 h before visualization by DIC microscopy. Bar, 10 m.
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The ⌬Afatg1 mutant is hypersensitive to EDTA. The stimulation of autophagy by EDTA suggested that autophagy has a role in protecting the organism from the deleterious consequences of divalent cation depletion. To test this hypothesis, we compared wt and ⌬Afatg1 conidia for the ability to germinate in the presence of EDTA. A total of 2 ϫ 10 5 wt and ⌬Afatg1 conidia were inoculated separately into liquid cultures of YG containing 0.5 mM EDTA and incubated at 37°C for 6 days. Although this concentration of EDTA slowed the germination of wt conidia, the morphology remained normal and the hyphae eventually overgrew the culture, by day 6 (Fig. 7A) . In contrast, ⌬Afatg1 conidia were unable to switch from isotropic growth to polarized growth under the same conditions, resulting in abnormal swelling and the appearance of reduced cell wall integrity (Fig. 7A) . To quantitate this defect, equal numbers of conidia were inoculated into YG-EDTA medium and the percent germination was determined microscopically. As shown in Fig. 7B , all of the wt conidia had germinated within 3 days of incubation, whereas the majority of the ⌬Afatg1 mutant conidia failed to germinate after 6 days of incubation. The few ⌬Afatg1 conidia that managed to germinate after 6 days were morphologically abnormal, with over half of them showing the abnormal swelling phenotype shown in Fig. 7A . The addition of excess zinc, manganese, or iron to the medium was able to restore wt growth to the ⌬Afatg1 mutant under these conditions (data not shown).
Autophagy is dispensable for the virulence of A. fumigatus. A. fumigatus is a potent opportunistic fungal pathogen that is responsible for life-threatening infections in immunosuppressed patients (3) . Current evidence suggests that the host environment is a source of nutritional stress to A. fumigatus, requiring the organism to undergo metabolic adjustments to sustain the infection (19, 20, 29, 43, 48) . To determine whether autophagy is necessary for growth in vivo, we tested the viru-FIG. 7. ⌬Afatg1 mutant is hypersensitive to EDTA. (A) A total of 2 ϫ 10 5 conidia from the wt, ⌬Afatg1 mutant, and complemented (CЈ) strains were inoculated separately into liquid cultures of YG containing 0.5 mM EDTA and incubated at 37°C for 3 to 6 days. The arrow identifies an abnormally swollen conidium. Bar, 30 m. (B) To quantitate EDTA sensitivity, 1 ϫ 10 6 conidia/ml from the wt, ⌬Afatg1, and reconstituted strains were incubated at 37°C for 3 to 6 days in YG medium in the presence of 0.75 mM EDTA. The percent germination was calculated from 100 conidia analyzed microscopically. The experiment was performed in triplicate, and the values represent the means Ϯ SEM. 
DISCUSSION
Autophagy plays a pivotal role in the extensive structural remodeling that accompanies the development and differentiation of multiple species (32, 37) . In this report, we demonstrate that A. fumigatus also relies upon autophagy to support asexual sporulation, an important developmental process that is tightly linked to nutrient limitation (1) . However, the impaired conidiation of the ⌬Afatg1 mutant could be rescued by increasing the nitrogen content of the medium. This finding argues against a direct role for Atg1 in the intracellular remodeling events that are required for conidiophore development but is consistent with a model in which autophagy provides a source of recycled nitrogen to support conidiation when exogenous levels are insufficient. Since developmental defects associated with autophagy mutations have also been reported for other filamentous fungi, such as A. oryzae and P. anserina (23, 44) , it will be of interest to determine whether these developmental abnormalities are also influenced by nutrient availability.
In yeast, autophagy is best understood as a mechanism that serves to protect the organism during periods of nutrient stress (37, 60) . Yeast cells respond to limiting nutrients by entering a nondividing resting state (15) , and autophagy contributes to the maintenance of cell viability under these conditions (35, 57) . In contrast, filamentous fungi respond to starvation by targeting growth to hyphal tips, a mechanism that promotes expansion of the colony into areas of new substrate (47) . This foraging-like response is facilitated by the fact that fungal hyphae are divided by perforated septa into multinucleated compartments that permit sharing of nutrients throughout the mycelium (13, 47) . It has been suggested that vacuole-mediated recycling in the older portions of the mycelium supports the growth of the hyphal tips when exogenous nutrients are scarce (51) , but the contribution of autophagy to this process has not been tested directly. Here we demonstrate that Afatg1-dependent autophagy is dispensable for normal radial growth rates on rich or minimal medium but is essential for the hyphal growth that permits colonial expansion under starvation conditions.
As a major component of the biomass in decaying vegetation, A. fumigatus is in direct competition with many other microbes for limited resources and must therefore be able to tolerate periods of fluctuating nutrient availability (31, 55) . Although several lines of evidence suggest that A. fumigatus encounters nutrient stress in the host environment (19, 20, 29, 43, 48) , we found that the disruption of autophagy caused by the loss of Afatg1 had no major impact on virulence in a neutropenic mouse model, suggesting that the organism does not require Atg1 for growth in the host. Similar findings have been described for an autophagy mutant of Candida albicans, where the loss of Atg9 was associated with a dramatic loss of viability in response to nitrogen starvation but was dispensable for survival within macrophages and for virulence in a mouse infection model (41, 42) . These observations contrast with the requirement for autophagy for the virulence of the plant fungal pathogen Magnaporthe grisea. In this organism, autophagy is required for a type of programmed cell death that contributes to the elaboration of an appressorium that is required for virulence (33, 59) . The importance of autophagy to virulence has also been demonstrated for the parasite Leishmania major, where autophagy mutants fail to differentiate into the obligate infective form (5). Although A. fumigatus does not produce specialized structures required for infection, it is intriguing to speculate that autophagy may contribute to other aspects of programmed cell death that are relevant to the physiology of this organism, and efforts to examine this are in progress.
Metal ions are essential micronutrients that provide catalytic or structural roles in many enzymes (10) . We have shown that zinc is the most effective at restoring growth to the ⌬Afatg1 mutant under starvation conditions, a finding that is consistent with previous evidence showing marked susceptibility of pathogenic fungi, including A. fumigatus, to zinc deprivation (34) . The majority of intracellular zinc is bound to proteins, serving as both a structural component in domains such as zinc fingers and an essential cofactor for approximately 3% of the yeast proteome (11) . Manganese, copper, magnesium, and iron were also able to rescue the growth of the ⌬Afatg1 mutant, although higher concentrations were required to achieve the same amount of growth as that provided by zinc. The exact reason for this is presently unclear, but we speculate that it may involve displacement of zinc from cellular components, analogous to the effects of heavy metals on the displacement of zinc from metallothioneins or other cellular components (62) .
The ability of zinc and other metal ions to rescue the impaired growth of the ⌬Afatg1 mutant suggests that autophagy facilitates growth when metals are limiting. This hypothesis predicted that metal ion depletion would be sufficient to induce autophagy in wt A. fumigatus and that the ⌬Afatg1 mutant would be hypersensitive to metal depletion. This was confirmed by showing that autophagy is induced in wt A. fumigatus by the incorporation of EDTA into rich medium and that the ⌬Afatg1 mutant is severely growth impaired under these conditions. Since the abundant nitrogen in rich medium would normally be expected to suppress autophagy through TOR signaling (22) , this implies that metal ion deficiency alone is sufficient to induce autophagy, even in a nitrogen-replete environment. Taken together, the data presented in this study are consistent with a model in which zinc and other metal ions are limiting for hyphal growth under starvation conditions. Their absence triggers an autophagy response, resulting in the transport of preexisting metal-associated components to the vacuole for degradation, followed by recycling of the metals to support further hyphal tip growth. Failure to induce autophagy, as in the case of the ⌬Afatg1 mutant, would result in a critical deficiency in free metal ions, thereby preventing further growth. The interconnected mycelium of A. fumigatus has a considerable amount of biomass from which it can obtain these metals in order to sustain the outward expansion of the colony under starvation conditions, and our data indicate that autophagy is integral to this process. In contrast, unicellular yeasts possess a more limited amount of biomass that is restricted to a single cell. Thus, it is conceivable that filamentous fungi have expanded the role of autophagy to include more extensive intracellular recycling of metal ions and other molecules to meet the growth demands of the hyphal tips when exogenous nutrient supplies are exhausted. Consistent with this, the Zap1 zinc-responsive transcription factor shows no difference in zinc regulation in a ⌬atg1 mutant of S. cerevisiae, suggesting that autophagy does not have a major role in zinc homeostasis in this organism (David Eide, personal communication). Similarly, the C. albicans atg9⌬ autophagy mutant has normal sensitivity to EDTA, and zinc is unable to correct the starvationassociated decrease in viability of this mutant (Glen Palmer, personal communication).
Since carbon and nitrogen were absent from the starvation medium used in this study, it would appear that A. fumigatus has sufficient reserves of carbon and nitrogen to support a limited amount of hyphal growth or, alternatively, that amino acid pools can be generated from another mechanism. The identification of a role for the ubiquitin-proteasome system in the degradation of proteins during acute nutrient stress supports this possibility (58) . It will be of interest in future studies to determine whether there are specific signaling pathways that link metal ion availability to the induction of autophagy or perhaps to other proteolytic pathways in A. fumigatus.
